The HOmogeneous Thermal NEutron Source (HOTNES) is a new type of thermal neutron irradiation assembly developed by the ENEA-INFN collaboration.
Introduction
The HOmogeneous Thermal NEutron Source (HOTNES) [1, 2] (figure 1) was developed at the ENEA Frascati Research Centre [3] , in the framework of INFN-ENEA collaboration, following a new moderator design conceived by Bedogni et al. [4] . HOTNES relies on a 241 Am-B neutron source with strength 3.5×10 (in terms of sub-cadmium cut off fluence rate in the Westcott convention [5] ), representing about 85% of the overall neutron fluence rate.
The neutron field characterization was already presented in the dedicated paper here referred as Ref. [1] .
The thermal field is roughly isotropic when the 5 cm thick polyethylene cover is in place, while if it is removed, a nearly parallel beam is achieved.
HOTNES was designed as a user facility for multi-purpose thermal neutron testing. Thus, a number of customers, owning different types of thermal neutron sensitive devices, were convened in ENEA for a first testing campaign. The following devices were tested: -Li(Eu) glass scintillation detector (Li-glass) [6] ; -Cadmium Zinc Telluride (CZT) solid state detector [7] ; -Thermal Neutron Rate Detector (TNRD) [8] ;
-Single Crystal Diamond detector (SCD) [9] ; -Gas Electron Multiplier (GEM) gaseous detector [10] ; -Pure CsI scintillation detectors.
Experimental devices
This section introduces the detectors used in the campaign and their results.
Some small-sized detectors (Li-glass and CZT) were used to map HOTNES irradiation volume in terms of thermal neutron field. This volume (see figure 2), defined in height from the top of the shadow bar till the polyethylene cover, was scanned by varying the measurement position over both height (from Z=30 cm to Z=60 cm) and radius (from R=0 to R=14 cm).
The volume mapping was done in terms of the quantity q (Z, R )= N (Z, R ) N (50, 0) , i.e. the ratio of the count rate measured by the detector under test at a given position (Z, R) inside the HOTNES cavity to that at the reference position (Z=50, R=0). The quantity
represents the ratio of the detector count rate measured at the central position of a given irradiation plane normalized to that measured at the central position of the reference plane.
For other detectors, punctual measurements at HOTNES reference irradiation position were performed for calibration purposes.
Li-glass scintillation detector
The Li-glass was purchased from Saint Gobain Glass 
Cadmium Zinc Telluride solid state detector
CZT detectors, mostly used in X-ray spectroscopy, are ternary semiconductor compounds (Cd1 x ZnxTe), the x values ranging between 5% and 13% with a corresponding energy gap ranging between 1.53 and 1.48 eV. In these measurements the thermal neutron radiative capture on 113 Cd (12.22% abundance) was exploited to detect thermal neutrons [6] . The CZT was purchased from EURORAD and the crystal had size 5×5×5 mm from R=0 cm to R=14 cm. The count rate at Z=40 cm is quite different as compare to the reference plane, with a difference in the count rate which is about 5% at R=0 cm and reaches 20% for 5 cm<R<10 cm. The Z=60 cm plane shows a high homogeneity (≈ 89%) and a count rate lower than 25% respect to the reference plane.
The discrepancies between the trend of q (Z, R ) and q (Z, 0) measured with CZT and those obtained with Li-glass (and TNPD) are likely due to the gamma background subtraction used to extract neutron count rate as explained before when discussing figure 6.
Thermal Neutron Rate Detector (TNRD)
The TNRD detector was developed by Bedogni et al. [15] in the framework of the In the current work, six TNRDs were individually calibrated in terms of sub-cadmium cut off fluence rate in the Westcott convention, using HOTNES reference irradiation plane (Z=50 cm). The calibration procedure consists in three stages (see figure 9 ):
1-The detector is located on the irradiation plane and is covered with borated rubber (attenuation factor about 300) for about 600 seconds. The corresponding output voltage constitutes the "left baseline", mainly due to the "dark" current in the electronics;
2-The borated rubber is removed, exposing the detector to the thermal beam for about 1000 seconds;
3-The detector is covered again with borated rubber for about 600 seconds, and the corresponding "right baseline" is recorded.
The net neutron signal, due to thermal neutrons (in the order of 10 proved to be a useful testing tool, in terms of intensity as well as positioning and general set up.
GEM-based neutron detector
The triple-GEM detector is micro-pattern gas detector based on the Gas Electron Multiplier (GEM) [10] . A GEM is made of a thin kapton foil (50 μm), a copper cladding ( based on a set of 8 CARIOCA cards and FPGA mother board which reads the pads in digital mode with the possibility to set also a threshold level to cut electronic noise or very weak signals [19] . In order to use this detector for thermal neutrons, the cathode has been realized using an boron deposited aluminium plate. A 1.5 m thick layer of B4C with 10 B enrichment was deposited by the Linköping University by means of sputtering technique [20] . The main acquisition parameters set during this experiment were: 1) the total voltage gain HV=960 V, provided by means of a HVGEM module [21] , corresponds to a gain of about 100 and 2) the threshold level TL=1400 mV, which results to be just above the electronic noise. The GEM detector was used to perform vertical gradient measurements with and without the cover and a radial measurements only at Z=50 cm with cover in place. Each measurement lasted 1200 s, divided into 240 acquisitions of 5 s length each. Figure 10 shows a 3D counts map recorded at Z=50 cm, elaborated by means of a MATLAB routine.
The GEM detector allows at obtaining the neutron flux map inside the HOTNES cavity. In figure 11 , are shown the four colour maps at different planes (Z=30, 40, 50 and 60 cm), which highlight the good homogeneity level of thermal neutron flux for Z=40, 50 and 60 cm planes, as shown from TNPD measurements.
The quantity q(Z,), i.e. the vertical gradient of the GEM count rate but measured over the whole pads area (), shows a trend that well resembles those shown before for the other detectors (see figure 12 ).
An experimental value of the efficiency, can be obtained by averaging over the determination of  obtained at the different planes investigated, then providing a value of ε≅0.011. This value is in satisfactory agreement with the prediction of Monte Carlo simulations and on analytical calculations based on the effective 10 B thickness that the GEM cathode features [22] .
Pure Caesium Iodide crystal calorimeter
The Mu2e experiment at Fermilab aims to measure the neutrinoless conversion of a negative muon into an electron, reaching a single event sensitivity of 2.5×10 -17
after three years of data taking [23] , thus improving of four orders of magnitude the previous measurement. The mono-energetic electron produced in the final state is detected by a high precision tracker with 120 keV momentum resolution and a crystal calorimeter, all embedded inside a large detector solenoid surrounded by a cosmic ray veto system. The calorimeter is complementary to the tracker, allowing an independent trigger, powerful particle identification and seeding for track reconstruction. In order to match these requirements, the calorimeter should have an energy resolution of ~ 5% and a time resolution better than 500 ps at 100 MeV [24] . The choice of the calorimeter components went through an intense R&D phase. The selected option is a calorimeter composed of two disks of pure Caesium Iodide (CsI) crystals [25] , 34×34×200 cm 3 , read by UVextended Silicon PhotoMultipliers (SiPM) [26] .
An important issue for the Mu2e calorimeter, related to the high radiation environment, is , meet the Mu2e requirement of a RIN < 0.6 MeV.
Single Crystal Diamond detector
Single crystal diamond detector have shown their effectiveness in detecting fast neutrons in different neutron environments, such as fusion experimental machines [27] , spallation neutron sources for time of flight fast neutron counting [28, 29] . These detectors are well suited for high temperature neutron measurements [30, 31] .
Single crystal diamond detectors featuring a Lithium Fluoride ( 6 LiF) coating are under test for future application to the ITER experiment [32] .
The prototype detector was designed by ENEA and is schematically sketched in figure 14.
The detector layout is based on mechanical connections to ground and HV electrodes.
The use of a mineral cable (MI) (1m long in the present prototype) and a ceramic connector (MOC) also allow high-temperature operation. These two elements can withstand temperatures of up to 800 °C and 400 °C, respectively, as well as intense Before using this device on beam at the ISIS spallation neutron source, it was tested on the HOTNES facility to investigate its response to thermal neutrons, both in terms of amplitude as well as in terms of time characteristics. The experimental setup was made of a CAEN digitizer (Model 5730) able to register waveforms, obtained by passing the SCD signal to a fast preamplifier. A trapezoidal filter implemented was used to integrate the charge and thus enabling to construct pulse height spectra. Figure 15 shows a biparametric (ADC-channel vs time) plot that is used to assess the stability of the device over a given recording time.
After 5000 s of acquisition some noise was registered at low ADC channel. At higher channel the spectrum is clean as it is shown in figure 15 where the signal from the n- 6 Li reaction is visible. Figure 16 represents the projection of the biparametric plot (integrated over the whole acquisition time) shown in figure 15 onto the ADC-channel axis and then represents the pulse height spectrum. These measurements were done in preparation of the experimental campaign performed at the ISIS spallation source to test the same acquisition electronics for high-resolution neutron measurements that will be discussed in a forthcoming experimental paper [35] .
Conclusion and perspectives
The results of the first HOTNES user programme were reported. Although HOTNES can be considered already a complete tool for testing neutron sensitive devices, further improvements are planned: determining the photon spectrum, and equipping the facility to irradiate personal neutron dosemeters on phantom according to ISO Standards [36] . Figure 1 Am − B 
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